During directed cell migration, telling cells to avoid certain areas may be as important as attracting them to others. The recently identified wunen gene is involved in the repulsive guidance of migrating primordial germ cells in Drosophila.
Cell motility requires changes in cytoskeletal organization, so that cellular processes such as lamellipodia and filopodia can be extended. A migrating cell must also be able to adhere tightly enough to a substrate to allow for movement, but not so tightly that it remains stuck in one place. During directed cell migration, motile cells are guided along a particular path; they must recognize guidance cues and translate them into directed movement. Finally, cells must be able to recognize their target tissue and stop migrating. Migrating cells and their paths have been described in many organisms and the mechanisms that allow cellular extensions to form and retract have been studied extensively. But much is yet to be learned about the start and stop signals that control motility, and the molecular road signs that dictate the migratory paths.
The development of primordial germ cells provides an excellent model system for the analysis of directed cell migration. Most animals have specialized somatic cellsthe somatic gonad -which aid in the development of the germ cells, but which develop in a separate location from the primordial germ cells. The primordial germ cells must therefore migrate through the embryo to populate the gonad. It has been suggested that this rather awkward situation arose because originally there were only germ cells and no somatic gonadal cells, as is still the case with some animal species today. Only later did a somatic gonad evolve that was able to recruit the germ cells [1] .
The migration of primordial germ cells occurs in a similar manner in species as distantly related as Drosophila and the mouse. In both of these species, the primordial germ cells first form outside the embryo proper and enter the embryo through the posterior endoderm. They then make their way along mesodermal tissue until they find the somatic gonadal cells, which are of mesodermal origin [2, 3] . We know little about the molecular mechanisms that determine the migratory path of primordial germ cells. Mouse primordial germ cells have been reported to exhibit chemotaxis in vitro in response to transforming growth factor (TGF)-␤ [4] , but, until recently, no The use of Drosophila as a model system for studying the migrations of primordial germ cells allows a systematic genetic dissection of this process. It is a great advantage to begin the study of a new molecule knowing that the loss of its function disrupts the process of interest. By examining existing mutant collections for genes which affect the migration of primordial germ cells in Drosophila, Zhang et al. [5] have recently identified and cloned the wunen (wun) gene, the product of which acts in the repulsive guidance of primordial germ cells.
Several lines of evidence suggest such a role for wun. First, primordial germ cells are normally not found in places where wun is expressed. During normal development, primordial germ cells enter the embryo through the posterior midgut endoderm and gather on the dorsal surface of this tissue (Fig. 1a) ; wun is not expressed in the regions of the midgut where primordial germ cells accumulate, but is expressed in adjacent regions of the gut epithelium. Second, in wun mutants, primordial germ cells are found scattered more broadly on the surface of the endoderm, including regions where wun is normally expressed (Fig.  1b) . This suggests that wun plays a role in excluding primordial germ cells from these regions. Strong support for this hypothesis comes from experiments in which wun is ectopically expressed. In wild-type embryos, primordial germ cells migrate from the endoderm to the mesoderm, where they associate with the precursors of the somatic gonad (Fig. 2a) . Ectopic expression of wun in the mesoderm prevents the primordial germ cells from entering or adhering to this tissue (Fig. 2b) . These results indicate that wun expression is sufficient to transform a tissue that is normally permissive for primordial-germ-cell contact and migration into one that is non-permissive.
The wun gene is predicted to encode a transmembrane protein (Wun) that shows sequence similarity in its intracellular domain to a phosphatidic acid phosphatase [6] . Phosphatidic acid phosphatases catalyze the dephosphorylation of phosphatidic acid to phosphate and diacylglycerol, and have been implicated in signal transduction, in addition to their role in phospholipid metabolism [7] . A number of proteins with extensive sequence similarity to Wun have been identified by sequencing projects from yeast, nematodes, mice and humans, and it will be of great interest to determine if these related molecules play a role in the migration of primordial germ cells, or other cell types, in these systems.
How might Wun act at the molecular level to regulate the migration of primordial germ cells? Simply put, cells expressing wun must provide a less favorable environment for the migration of primordial germ cells than cells that do not express wun. Consequently, primordial germ cells accumulate in regions where wun is not expressed. Cells migrate by extending cellular processes, and directed movement is achieved when processes in a particular direction are favored over others, or meet a more favorable adhesive environment. Cells expressing wun might repel primordial germ cells by producing a soluble or cellsurface factor that binds to primordial germ cells and destabilizes cellular extensions. Alternatively, Wun might inhibit or override the activity of a positive factor or an adhesion molecule.
One possibility is that Wun itself is a repulsive ligand for the migration of primordial germ cells that is directly recognized by the primordial germ cells as a negative signal. Although this is the most direct model, the sequence similarity between Wun and phosphatidic acid phosphatases suggests that Wun does not act solely as a membranebound ligand. Zhang et al. [5] favor a hypothesis in which Wun acts as a receptor for a molecule on the primordial germ cells and generates a signal inside the wun-expressing cells, perhaps by producing diacylglycerol. This signal Dispatch R149
Figure 2
The primordial-germ-cell phenotype resulting from ectopic wun expression in the mesoderm. would induce the wun-expressing cells to repulse the primordial germ cells. While this 'recoil model' implies that Wun is activated in response to contact with primordial germ cells, it is equally possible that Wun is constitutively active: in this case, expression of wun would render the environment unfavorable for the migration of primordial germ cells independently of contact with the primordial germ cells.
In order to distinguish between these possibilities, it is necessary to know whether Wun has enzymatic activity, and whether this activity is necessary for primordial-germcell guidance. If Wun is acting as a ligand, any enzymatic activity it has may be dispensable for the directed migration of primordial germ cells. Alternatively, if Wun is acting constitutively through its enzymatic activity, it might be possible to alter the extracellular domain and still preserve function as long as enzymatic activity is not affected. If Wun is a ligand or receptor, the identification of molecules that interact with its extracellular domain is of obvious importance. It is also important to study the cell biology of how wun-expressing cells repel primordial germ cells. The migration of Drosophila primordial germ cells has already been observed in vitro [8] , and this system could be used to study the effect of Wun on primordial-germ-cell behavior. Finally, the identification of mutations with similar phenotypes to wun or that interact genetically with wun will be a key step towards assembling a pathway for Wun action.
The discovery of wun is an exciting breakthrough in understanding the regulation of primordial-germ-cell migration. It is significant that wun provides an example of a negative guidance system, indicating to primordial germ cells where they should not migrate. Examples of factors acting positively in directing cell migration have also been identified. In several systems, fibroblast growth factor and its receptor have been shown to be essential for positive guidance, and are thought to act in chemoattraction [9, 10] . Although no factors that act positively in the migration of primordial germ cells have been identified, there is evidence in mice that such factors exist [11] , and it is likely that they exist in Drosophila as well.
Directed cell migration is similar in principle to axon pathfinding during nervous system development. Here, the general theme of guidance by a combination of attractive and repulsive cues has recently been well documented. One example is the Netrin family of secreted guidance factors. The same Netrin molecule appears able to act as a chemoattractant or chemorepellant, depending on the specific type of neuron that is receiving the signal [12, 13] . Furthermore, Unc-6, a Netrin of the nematode Caenorhabditis elegans, appears to affect the directed migration of some non-neuronal cell types in similar ways [12] . Molecules such as Unc-6 and Wun show that guidance by repulsive cues will turn out to play as important a role in regulating cell migration as it does in directing axon pathfinding.
